The interaction of C60 molecules with a graphite surface is modelled using molecular dynamics. At normal incidence it is found that the C60 molecule is reflected intact at energies up to about 250 eV and a depression wave spreads radially from the point of impact across the graphite surface preceded by hypersonic fronts which transmit small amounts of energy. At energies of 1 keV and 6 keV the molecule implodes as it enters the crystal creating a particle of dense amorphous carbon beneath the surface. Very little sputtering occurs at normal incidence at energies of up to 6 keV. At 6 keV and at an incidence angle of 60° to the normal, the molecule breaks up on impact and some sputtering is observed. At 15 keV the sputtering yield increases and the surface ruptures in the central region where carbon clusters and chains are ejected. Outside this region the bonds remain intact but surface begins to separate from the second layer with a raised travelling wave propagating from the impact point.
Introduction
Although the ability of carbon atoms to form large stable clusters has been known for some time, interest in the C60 molecule was stimulated by experiments which showed that 60-atom carbon clusters were heavily dominant in the mass spectra of laser vaporized graphite (Kroto et al. 1985) . Since then techniques have been developed for synthesising the C60 molecule and other fullerenes (Kratschmer et al. 1990 ; Johnson et al. 1990; Hawkins et al. 1990 ) and experiments have been carried out to determine the charged products of collisions of charged fullerene molecules with silicon and graphite surfaces (Beck et al. 1992) . These experiments revealed no fragmentation. This was subsequently verified by molecular dynamics (md) simulations (Mowrey et al. 1992) carried out by colliding C60 molecules at normal incidence with energies between 150 eV and 250 eV with the hydrogen terminated diamond {111} surface. The simulations showed that at 150 eV the C60 molecule reflected intact but at the higher energies reactive interactions could occur whereby the molecule could either scatter, (attracting one or two H or C atoms from the surface or losing one or two C atoms to the surface) or chemisorb with the surface. The simulations demonstrated the remarkable stability of the fullerene molecules. However, the wider effects of the collision on the lattice could not be studied because the surface area chosen for the simulations comprised only 64 atoms. The question of sputtering mechanisms at higher incident energies and how energy was transferred to and transported in the crystal have remained unresolved.
R. Smith and R. P. Webb This paper describes results of md simulations carried out to examine some of the important features which occur when energetic C60 molecules interact with the graphite {0001} surface. There were two principal aims behind the work. First, to examine the behaviour of both the molecule and the lattice at low energies when few bonds would be expected to be broken, and secondly to examine the near surface interactions at higher energies when the molecule would be expected to disintegrate on impact and cause sputtering.
Calculation
The Tersoff carbon potential (Tersoff 1988 ) is used to model the interactions between the C atoms. This is a many-body potential that has been used before by us to model dynamical processes in graphite and diamond (Smith 1990; Smith & Webb 1991) . The potential gives the correct cohesive energy of carbon in the graphite and diamond structures although the interplanar interactions are zero for graphite at the normal lattice spacing. The results of single C atom bombardment (Smith 1990; Smith & Webb 1991 ) of graphite at normal incidence and energies up to 1 keV have been characterized by very low sputtering yields which only rise above unity at 1 keV for incidence at an angle of around 60°. Dimers and trimers can be ejected but these are relatively rare events. It is also possible for a large amount of backscattering to occur at normal incidence for low energies. Cascade statistics of single atom bombardment of graphite can be obtained by running a large number of different trajectories for different impact points on the crystal. For the fullerene molecule there are many more degrees of freedom, for example, the orientation of the molecule, its internal energy, the partition between translation and rotational energy. In addition, the size of the C60 molecule means that large targets need to be taken if all the effects are to be accurately modelled. All this is expensive on computing time and so instead of generating data from a statistically representative set of trajectories we concentrate on running only a few and describing features of the results which appear to be common.
The Tersoff potential gives a stable C60 structure in the form of a truncated icosahedron when the atoms are located at a distance of 7.37 Af from the centre of the truncated icosahedron, the perpendicular distance between opposite faces being 6.75 A. This corresponds to an experimental value (Huffmann 1991) for the cage diameter of 7.1 A. The potential gives a cohesive energy of 6.73 eV per atom for C60. The graphite crystal consisted of a surface layer 68 A square in most cases, although one trajectory was run with a surface area of 117 Ax 117 A. The chosen depth of the crystal varied according to the bombardment energy. Up to eight layers were used in the simulations corresponding to a depth of 27 A and a maximum of 46720 atoms for the 117 A square surface. Free boundaries were chosen throughout and the effects of inelastic energy losses such as ionization and electronic excitation were ignored. The choice of boundary conditions in md simulations is often a subject of debate. We prefer not to impose any kind of artificial damping forces there but to choose the boundaries sufficiently far away as to have little effect. Periodicity is clearly inappropriate because energy is transported out of one side of the crystal only to enter in the other.
f 1 A = 10-10 m = 10_1 nm. The classical equations of motion describing the dynamics of the system were integrated using a fourth-order multistep algorithm that uses only one force evaluation per timestep (Smith & Harrison 1989) . The timestep is chosen automatically by the algorithm which is very accurate. For 12 keV bombardment the timestep averages at around 0.1 fs for the first 200 fs and the energy of an entire system of 15872 atoms is preserved to within 0.2 eV. Although the integration scheme uses neighbour lists and is computationally efficient, the code is not run on vector machines and a single 15 keV trajectory which is integrated in time for 1 ps on a target of 15872 atoms would take about 5 days to compute on a Sparcstation Figure 1 shows the atomic positions for a 50 eV C60 molecule at normal incidence on a perfect graphite {0001} crystal. This energy is insufficient to cause bonds to break in either the C60 molecule or the graphite. The molecule bounces off the surface with little deformation but the interactions are such as to impart vibrational and rotational energy to the molecule. At 50 eV the rotational energy after impact exceeds the internal vibrational energy but the kinetic energy retained by the molecule is very small, of the order of 5 eV. At 250 eV the typical interaction is one where the molecule again interacts with the surface and remains intact after the interaction. The atomic positions are shown in figure 2. In this case the molecule undergoes a large deformation before rebounding. The collision has imparted internal vibrational energy of the order of 60 eV to the molecule but kinetic energy of the order of 190 eV has been transferred to the lattice. After 1.25 ps the molecule is still loosely bound to the graphite surface. The depression in the surface caused by the impacting molecule spreads radially outwards from the impact zone. Near the centre of the crystal just after impact the speed at which the edge of the depression travels is of the order of 4 x 103 m s-1. This value drops off to about half that value at the edge of the crystal after travelling a distance of 30 A. Preceding the surface depression are radial ripples (small displacements of the surface atoms) transporting small amounts of energy. The first of these appears as a fast-moving front which at 250 eV transports energy of the order of 0.01 eV per atom at a speed approximately 10 times that of the surface depression. These spreading waves appear to be isotropic within each plane of atoms with the ' phase ' and ' group ' velocities both in the radial direction. The depression wave is initially hexagonal in structure. This can be clearly seen from figure 3 (plate 1). The hypersonic fronts which precede the surface depression wave were originally unnoticed and only observed when a computer generated video (Webb et a l . 1992 ) of the process had been com At normal incidence all the sample trajectories run with energies up to 6 keV caused no ejection of particles from the crystal. At energies of about 400 eV and upwards, the molecule becomes implanted rather than bouncing off the surface forming a denser region of amorphous carbon j ust below the surface. Figure 3 shows the trajectory sequence for 1 keV bombardment. Analysis of this region after most of the energy has been dissipated indicates that the bonds are predominantly sp2 rather than sp3. However, it is an open question as to whether or not hard diamond like films can be made by imploding C60 molecules on to a harder substrate. All these figures show the circular wave spreading radially from the point of impact. This wave also progresses through the subsurface layers. At low energies the bonds are stretched, not broken and even at a bombardment energy of 6 keV there is no particle ejection from the crystal at normal incidence. All the normally incident trajectories showed that the surface deforms before the molecule penetrates. This effect has also been noticed (Averback et al. 1991) in Cu cluster bombardment of Cu. The lack of ejection of particles from the crystal for normally incident 6 keV fullerene was unexpected and so two 6 keV trajectories were run at 60° incidence to the surface and analysed in detail. The reason for this choice of angle is that it was found that the ejection yield increased by a factor of about 20 for single incident C atoms (Smith 1990) . In both cases the fullerene molecule disintegrated on impact with the graphite surface. In one case 42 atoms from the original molecule reflected and in the other case 39. In the first case, the molecule breaks up into 34 single atoms and three dimers. The only two particles ejected from the crystal combine reactively with two separate atoms from the molecule forming two further dimers. In the second case the impacting C60 breaks into 23 single atoms, six dimers, one trimer and one particle which combines with seven atoms from the crystal to form a string of eight atoms. Three other particles are ejected, one singly and the others as dimers.
Results
As the impacting energy increases further, spike effects become more noticeable. Sequences in a trajectory run at 60° incidence and 15 keV are shown in figure 4 (plate 1). The impacting C60 again breaks up on impact. The membrane-like structure of the graphite layers, apparent in all the simulations, is demonstrated at this higher energy by some atoms of the impacting fullerene molecule undergoing planar channelling between the first and second layers. As the particle bounces between the layers, the layers deform with waves spreading from each point of impact which gradually cause the layers to separate. Eventually as more energy is deposited in this region of the crystal a large void appears to form between the first and second layers causing a hummock to appear on the graphite surface downstream of this disturbed central region. The hummock then moves across the surface like a travelling wave. In this case there is no surface depression moving radially outwards from the centre. Most of the particles ejected come from the central region with the exception of a few atoms ejected away from the impact point by the planar channelled particles. At the edge of the disturbed central region adjoining the part of the surface where the bonds remain unbroken are a large number of vibrating loosely bound atoms. Strings and clusters of atoms are observed to be ejected from this region. The simulations are stopped after 1.25 ps but it is possible that further C molecules could be ejected from this region at later times.
Conclusion
In conclusion therefore, we have verified that at low energies, the large C60 molecules remain intact when incident normally on the graphite {0001} surface and that at energies up to around 6 keV they can implant but cause very little sputtering. At non-normal incidence and higher energies the molecule fragments and large clusters can be ejected from the crystal. The surface of the crystal swells and undergoes severe distortion at these higher energies caused by energy deposition between the first and second layers.
